ABSTRACT -Diverse foraminifera, Lingula-like brachiopods and the geological setting indicate that Aptian radiolarian-rich black shales forming the Windalia Radiolarite were deposited at water depths probably less than 40 m in the Southern Carnarvon Basin. Elsewhere in Australia, coeval radiolarian-rich deposits are widespread in other western-margin basins and in vast interior basins. The organic-rich mudstones containing the radiolaria include the foraminiferal Ammobaculites Association, a sparse benthic macrofauna and kerogens of mainly terrestrial plant origin. The deposits suggest that there was substantial high-nutrient freshwater input into the epeiric seas as well as high levels of dissolved silica resulting from marine flooding of a mature silicate-rich landscape bordered on the eastern and western continental margins by large volcanic provinces. The widespread presence of organic-rich muds through the broad, shallow Southern Carnarvon Basin and through the coeval interior basins suggests that regional geomorphology controlled the distribution of eutrophic facies in the Australian Aptian rather than any global expansion of the oceanic oxygen minimum zone. The foraminiferal assemblage from the Windalia Radiolarite consists of calcareous hyaline benthic types (diverse Lagenida as well as abundant Lingulogavelinella, Epistomina and Coryphostoma) and organic-cemented agglutinated species (including common Ammobaculites humei, Haplophragmoides-Recurvoides spp., and Verneuilinoides howchini). Planktonic foraminifera are very rare and present only in the northern, more open part of the basin.
INTRODUCTION
The Aptian was characterized by significant marine biotic change, oceanic anoxic events, sea-level rise, widespread drowning of shallow carbonate platforms, large igneous provinces and climate change enhancing greenhouse conditions (Weissert et al., preservation is variable (Haig & Barnbaum, 1978) . On the western margin, Aptian deposits are mainly radiolarian-rich mudstones (Hocking et al., 1987; Ellis, 1993) that are often porcelanized in outcrop containing very few foraminifera and only sporadic macrofossils, mainly belemnites (Peratobelus) and ammonites (Australiceras, Tropaeum, Toxoceratoides and Acanoceras; Ellis, 1993) . The radiolaria, although abundant, are usually very poorly preserved.
In the confined Surat Basin of eastern Australia (part of the interior sea, Fig. 1 ), Haig & Barnbaum (1978) showed that radiolaria are abundant in Aptian deposits that accumulated at water depths too shallow for inward migration of planktonic foraminifera and calcareous nannoplankton. The laterally extensive strata that were deposited in the interior sea and are preserved in flat-lying successions suggest that the sea-floor gradient was very gentle and water depths were probably equivalent to those in the present-day Gulf of Carpentaria ( Fig. 1) , probably less than 60 m deep over most of the region (Haig & Lynch, 1993; Campbell & Haig, 1999; Haig, 2004) .
This paper investigates the palaeobathymetry of the radiolarian-rich mudstones that comprise the Windalia Radiolarite in the Southern Carnarvon Basin on the western continental margin (Fig. 2) . Equivalent radiolarian-rich formations of Aptian age have been recorded from other basins along this margin and in the adjacent Canning and Officer basins of Western Australia, but are less well known. Apart from general stratigraphic accounts (Condon, 1968; Hocking et al., 1987) , very little information has been published on the Windalia Radiolarite, particularly about its type area in the Southern Carnarvon Basin. Ellis (1993) documented the radiolarian fauna from the type section and inferred a neritic water depth based on basin setting rather than on the poorly known radiolarian assemblages. No foraminifera were recovered from the type section and very few have been found in other outcrop sections of the formation in the basin. Recent boreholes (Table 1) in the Southern Carnarvon Basin provide continuously cored sections (Fig. 3) through the Windalia Radiolarite and the underlying and overlying units that collectively form the Winning Group. The recovery of well-preserved foraminiferal assemblages from these sections allows more detailed palaeobathymetric trends to be interpreted for the formation.
BASIN SETTING
The basin setting (Fig. 2) places limitations on possible interpretations of depositional water depth. The Cretaceous strata of the Southern Carnarvon Basin form a flat-lying veneer on Palaeozoic deposits and have been subjected to very little burial (Iasky et al., 1998 (Iasky et al., , 2003 . The Windalia Radiolarite is part of the Winning Group that, in the Southern Carnarvon Basin, ranges from the Barremian to Cenomanian and is distinguished by its siliciclastic mud composition from the overlying pelagic carbonate deposits of the later Cretaceous. The stratigraphic succession within the Winning Group is summarized in Figure 4 . The Windalia Radiolarite is lithologically uniform in the subsurface, characterized by dark-grey mudstone with a variable abundance of radiolaria (comprising greater than 50% of the rock in some beds; Hocking et al., 1987) . Total organic carbon values for the few samples analysed from the studied sections range from 1.70% to 2.91%, with kerogens in the Type III category (Mory & Yasin, 1999; Dixon et al., 2003a, b) , indicating a mainly terrestrial plant source (Tyson, 1987) . The formation is silicified in some sections (e.g. Edaggee 1; Fig. 3 ) but friable in others (e.g. most of Yinni 1, Barrabiddy 1, Exac 2 and 3; Fig. 3 ). Formation thickness increases northwards (for example from 22 m in Yinni 1 to 83 m in Exac 3). Along the eastern margin of the basin, the formation has been eroded and coeval shoreline sand facies are not represented. The Cretaceous strata undoubtedly extended across the Precambrian basement to the east of the present basin margin (Fig. 2) , where they have been removed by erosion. Throughout the basin, almost all of the formation, including the studied sections, lies within the Diconodinium davidii Dinoflagellate Zone (based on continuing work by J. Backhouse, and his published determinations in Mory & Yasin (1999) and Dixon et al. (2003a, b) ). Based on the presence of ammonites and belemnites in outcrop and on Australian dinoflagellate and foraminiferal correlations, most of the Windalia Radiolarite belongs to the Upper Aptian, although the uppermost part of the formation may be lowest Albian (Dixon et al., 2003a, b) .
The Windalia Radiolarite was deposited on a continental platform adjacent to a passive margin that formed by rifting of Greater India from Australia during the Valanginian at about 130-136 Ma (Müller et al., 1998) . The studied sections are positioned at least 200 km from the continent-ocean margin. The almost horizontal attitude of bedding and the distribution of uniform facies over a vast area (Fig. 2) suggest that the sea-floor gradient on the platform was very gentle during deposition of the Windalia Radiolarite and implies that no deep topographic basin formed during the Aptian in this region. However, facies transitions toward the west over the adjacent continent-ocean margin cannot be determined at present because of a lack of boreholes and detailed seismic coverage. It is possible that the continental margin was slightly elevated during the Aptian as it was the site of substantial igneous activity during the earlier Cretaceous (Symonds et al. 1998) . The Windalia Radiolarite is part of the Barremian to Cenomanian Winning Group (Fig. 4) , which appears to include five main depositional cycles that coincide with formations: (1) the Barremian (possibly ranging from Late Hauterivian) Birdrong Sandstone; (2) the Barremian to Early Aptian Muderong Shale with the Windalia Sand Member at top; (3) the Late Aptian Windalia Radiolarite; (4) the Albian part of the Gearle Siltstone; and (5) the Cenomanian part of the Gearle Siltstone. Despite the formation name, the Gearle Siltstone is mainly a mudstone that is radiolarian-rich and glauconitic at some levels. The general lithological and biostratigraphic succession suggests an overall retrogradational trend with successive formations (= sequences) reflecting deeper-water conditions at successive maximum marine-flooding events. Maximum flooding seems to be represented in the lower part of each sequence with the upper part of each cycle being slightly progradational. In the overall depositional trend, the Windalia Radiolarite seems transitional between a shallower-water Muderong Shale and a deeper-water Gearle Siltstone.
MATERIAL AND METHODS
Core samples from six borehole sections (Table 1; Fig. 3 ), located along an approximate 300 km north-south transect of the basin (Fig. 2) , form the basis of this study. Exac 2 and 3, Barrabiddy 1 and Yinni 1 provide the most detailed coverage through the formation. Most of the Edaggee 1 section is silicified mudstone unsuitable for foraminiferal extraction and Boologooro 1 includes only the uppermost few metres of the Windalia Radiolarite.
Friable mudstone samples were disaggregated by boiling in water with added detergent and Calgon TM and were wet-sieved on 63 µm and 150 µm meshes. All residues were picked comprehensively. Because of variable preservation, particularly among the organic-cemented agglutinated species, species abundances are recorded semi-quantitatively as rare (<10 specimens), common (10-20 specimens) or abundant (>20 specimens). For each sample, the entire >150 µm residue was picked of foraminifera and four 42 cm 2 trays of the 63-150 µm fraction were also picked. Figured specimens are housed in the micropalaeontological collections of the School of Earth and Geographical Sciences, The University of Western Australia. Table 2 records the composition of the sand residues washed from the carbonaceous mudstone samples. A much more varied taxonomic assemblage is present among the biogenic grains than suggested by macrofossils observed in the core. Besides radiolaria and foraminifera, the biota that contributed skeletal sand-size material to the sediment includes diatoms, sponges, Lingula-like brachiopods, bivalves, gastropods, ammonites, belemnites, echinoids, ostracods, scolecodonts and fish. Both benthic and nektonic animals are represented and at only a few levels in the formation are skeletons of benthic organisms absent.
GENERAL FAUNAL DISTRIBUTION
Well-preserved radiolarian tests were extracted from few samples. In many samples, particularly from Exac 2 and 3, recrystallized radiolarian skeletons apparently disaggregated during washing, and in other samples the tests had been replaced by pyrite or glauconite. Where present, the hyaline calcareous foraminifera are well preserved (Plates 1-4). Most species belong to the Order Lagenida, but abundant representatives of the Robertinida (with aragonitic tests), Buliminida and Rotaliida are also present. Spirillinids are very rare. The siliceous agglutinated foraminifera are usually deflated and distorted. In these tests, original siliceous grains (mainly quartz) were held together by organic cement forming a flexible test, as in modern Trochammina. After burial, diagenetic quartz overgrowths on the agglutinated grains apparently produced the rigid fossil tests. Silicification of original calcareous material has not occurred. Calcite-cemented agglutinated taxa are absent. Almost all of the foraminifera are benthic types and their distributions are recorded on Figures 5-10 . Planktonic foraminiferal tests of the Order Globigerinida have been recovered only from restricted levels in the northern sections (namely Exac 2 and 3, and Barrabiddy 1; Figs 7-10) where they form much less than 1% of the foraminiferal assemblage.
SIGNIFICANCE OF FORAMINIFERAL DISTRIBUTIONS
Within the Windalia Radiolarite, foraminiferal distributions in Barrabiddy 1, Exac 2 and 3 show a similar pattern (Figs 8-10 ). The lower part of the formation (126-144 m in Barrabiddy 1; 176-210 m in Exac 2; and 80-137 m in Exac 3) contains a diverse benthic foraminiferal assemblage, above which is a zone with reduced foraminiferal diversity and abundance including some barren intervals. Planktonic foraminifera occur in the lower unit in all these holes, but only in a restricted interval (141-143 m in Barrabiddy 1; 196-204 m in Exac 2; and 120-132 m in Exac 3). In Yinni 1, the formation is much thinner than in the other boreholes and the lower 14 m is barren of foraminifera. This interval is the only section studied from the Windalia Radiolarite where quartz is present in the sand fraction (decreasing in abundance up section; Table 2 ). A diverse benthic foraminiferal assemblage similar in composition to that in the lower unit in the northern holes is present in Yinni 1 in the 54-58 m interval (Fig. 5 ). However, planktonic foraminifera are absent. Dinoflagellates suggest that the 54-58 m interval correlates to part of the lower unit of the formation in Barrabiddy 1 and Exac 3 (J. Backhouse pers. comm., November 2003). The upper unit of the Windalia Radiolarite may be missing from Yinni 1. In Exac 3 (56-60 m) the uppermost Windalia Radiolarite contains a foraminiferal assemblage that includes abundant agglutinated types and some common hyaline calcareous benthic species (Fig. 9 ) and rare very poorly preserved planktonic foraminifera. Similarly, the uppermost Windalia Radiolarite in Boologooro 1 contains abundant calcareous hyaline benthic foraminifera (Fig. 7) . The foraminiferal distribution patterns parallel changes observed in the dinoflagellate assemblages (Backhouse, 2004) suggesting that the distributions reflect environmental changes rather than being the result of selective carbonate dissolution.
Maximum flooding during deposition of the Windalia Radiolarite is probably marked by the presence of planktonic foraminifera associated with diverse hyaline benthic types in Exac 2 (196-204 m) , Exac 3 (120-132 m) and Barrabiddy 1 (141-143 m) and, more generally, by the presence of abundant calcareous hyaline benthic foraminifera in Yinni 1 (54-58 m). The characteristics of the fauna that lead to palaeobathymetric interpretation include: (1) planktonic foraminifera become more common toward the north, but there represent much less than 1% of the total foraminiferal assemblage; (2) the benthic assemblage is dominated by calcareous hyaline types, and especially Assessment of depositional water depth depends on comparisons to modern marine facies and by deductions derived based on the basin setting and the succession of facies both in a local stratigraphic sense and in a regional perspective. In order to gain an appreciation of the water depth at the time of maximum flooding, the fauna marking this event is compared with (1) that from maximum flooding events in sequences stratigraphically above and below the Windalia Radiolarite in the basin; (2) faunas from different facies of similar age in the Australian region; and (3) Cretaceous bathymetric models derived from foraminiferal distributions on other continents.
Comparison with adjacent sequences
The foraminiferal fauna from the underlying Muderong Shale (Barremian) in the Southern Carnarvon Basin is composed almost entirely of organic-cemented agglutinated species (Taylor & Haig, 2001; Dixon et al., 2003a, b) . Rare calcareous hyaline benthic forms (Lenticulina spp.) are present at a few levels and may have been dissolved in pyritic muds at other levels. For the same volume of sediment, the agglutinated foraminifera are more abundant in the Muderong Shale than in the Windalia Radiolarite. Most of the common agglutinated species in the Windalia Radiolarite are also represented in the Muderong Shale. However, some rare Windalia types (Portatrochammina? sp., Gaudryinopsis filiformis and Glomospirella gaultina) have not been recorded from the underlying sequence. Among other fossils, very small Lingula-like brachiopods occur through the Muderong Shale and the Windalia Radiolarite (Dixon et al., 2003a, b) . Belemnite guards, present in the Windalia Radiolarite, are absent from the Muderong Shale.
The Muderong Shale was probably deposited under inner neritic conditions in a restricted sea (Taylor & Haig, 2001 ).
Based on faunal differences outlined above, maximum flooding during deposition of the Windalia Radiolarite seems to have involved slightly deeper-water conditions. During the Late Aptian the sea may have been more open to circulation from the open ocean as suggested by the presence of belemnites and planktonic foraminifera and the diverse calcareous hyaline benthic assemblage. The bathymetric trend towards shallower conditions to the south that Taylor & Haig (2001) identified for the Barremian, may have been present also during the Late Aptian, as suggested by the more common occurrence of planktonic foraminifera in the north.
Foraminifera from the overlying lower part of the Gearle Siltstone (Albian) include planktonic foraminifera that are more common than in the Windalia Radiolarite, but still form less than 5% of the total foraminiferal assemblage (Haig et al., 1996; Dixon et al., 2003a, b; Haig et al., 2004) . As in the lower Windalia Radiolarite, the lower Gearle Siltstone contains diverse calcareous hyaline benthic species, with common to abundant Lingulogavelinella, Coryphostoma, Epistomina and a diverse collection of Lagenida. Berthelina intermedia and small Pleurostomella reussi appear in the Lower Albian beds and Lingulogavelinella santoodnae and related species are rare. The organic-cemented agglutinated assemblage from the lower Gearle Siltstone contains similar species to those in the Windalia Radiolarite, but Gaudryinopsis filiformis generally becomes abundant and Verneuilinoides howchini is rare. The lowest occurrence of calcite-cemented agglutinated foraminifera (Spiroplectinata? sp. of Haig et al., 1996) in the basin succession is in the lower Gearle Siltstone. As in the Windalia Radiolarite, belemnites and Lingula-like brachiopods are present in the lower Gearle Siltstone.
The presence of Lingula-like brachiopods in the Muderong Shale, Windalia Radiolarite and parts of the Gearle Siltstone (Dixon et al., 2003a, b) suggests deposition in upper subtidal conditions, probably at water depths above 40 m (following the modern bathymetric range of Lingula, as summarized by Ferguson, 1963) . The modern types are abundant in organicrich muds, at temperatures greater than 10(C and in salinities fig. 11 . Miliammina ischnia Tappan, 1957, from Exac 2 at 196 m, UWA133948 (lateral view). fig. 12 . Palustrella sp. from Exac 3 at 94 m, UWA133949 (lateral view). fig. 13 . Portatrochammina? sp. from Exac 2 at 188 m, UWA133950 (lateral view). fig. 14 . Spiroplectammina edgelli Crespin, 1953 , from Exac 3 at 91 m, UWA133951 (lateral view). fig. 15 . Thuramminoides laevigata White, 1928, from Barrabiddy 1 at 131.8 m, UWA133952 (lateral view). fig. 16 . Verneuilinoides howchini (Crespin, 1953) from Exac 3 at 122 m, UWA133953 (lateral view). fig. 17 . Verneuilinoides neocomiensis (Myatliuk, 1939) : from Exac 2 at 202 m, UWA133954 (lateral view). fig. 18 . Patellinoides tilchus (Ludbrook, 1966) from Exac 2 at 198 m, UWA133955 (spiral view). fig. 19 . Astacolus calliopsis (Reuss, 1863) from Barrabiddy 1 at 142.7 m, UWA133956 (lateral view). fig. 20 . Astacolus sp. cf. A. howchini Ludbrook, 1966 , from Barrabiddy 1 at 142.7 m, UWA133957 (lateral view). fig. 21 . Astacolus sp. 1: from Barrabiddy 1 at 142.7 m, UWA133958 (lateral view). fig. 22 . Brunsvigella debilis (Berthelin, 1880) from Exac 2 at 198 m, UWA133959 (lateral view). fig. 23 . Citharina tyelea Ludbrook, 1966 , from Yinni 1 at 57.05 m, UWA133960 (lateral view). fig. 24 . Citharina sp. from Boologooro 1 382.0 m, UWA133961 (lateral view). fig. 25 . Cristellariopsis pristipellis (Ludbrook, 1966) from Yinni 1 at 57.05 m, UWA133962 (lateral view). fig. 26 . Dentalina sp. from Exac 2 at 198 m, UWA133963 (lateral view). fig. 27 . Frondicularia sp. cf. F. filocincta Reuss, 1863, from Exac 3 at 117 m, UWA133964 (lateral view). fig. 28 . Globulina lacrima Reuss, 1845, from Exac 2 at 196 m, UWA133965 (lateral view). fig. 29 . Globulina prisca Reuss, 1863, from Yinni 1 at 54.65 m, UWA133966 (lateral view). fig. 30 . Hemirobulina hamulus (Chapman, 1894) from Boologooro 1 at 382.0 m, UWA133967 (lateral view).
that range from brackish to normal (Ferguson, 1963) . Based on oxygen isotope analyses of belemnite guards from the lower Gearle Siltstone (from the locality described by Haig et al., 1996) , Pirrie et al. (1995) suggested that the water temperature during the Early Albian was about 15(C. A sea-surface maximum palaeotemperature for the Late Aptian of 12(C was determined by Clarke & Jenkyns (1999) from Exmouth Plateau (Fig. 1) , and for the Early Albian of about 15(C.
The more common planktonic foraminifera, the presence of abundant Berthelina and greater diversity of Lingulogavelinella and the first appearance of calcite-cemented agglutinated species suggest that the maximum flooding during lower Gearle Siltstone deposition was deeper than during deposition of the Windalia Radiolarite. Therefore, the foraminiferal succession indicates that the Windalia Radiolarite formed part of a marine transgressive trend intermediate between the shallower-water Muderong Shale and the deeper-water Gearle Siltstone. The very rare occurrence of planktonic foraminifera in the Windalia Radiolarite is consistent with the inner neritic (<40 m deep) water depth suggested by the Lingula-like brachiopods.
Comparison with coeval Australian faunas
Elsewhere in Australia, Upper Aptian foraminifera are well documented from the Eromanga, Surat and Carpentaria basins (Crespin, 1963; Ludbrook, 1966; Scheibnerová, 1976; Haig, 1980 Haig, , 1982 Campbell & Haig, 1999) and from the continental margin in ODP Hole 766 (Haig, 1992; Holbourn & Kaminski, 1997) . In terms of composition, the Windalia Radiolarite assemblages are closer to the interior-basin faunas than to those from the continental margin (Henderson et al., 2000) . The former belong to Haig's (1979a) Ammobaculites Association, whereas the latter are part of the Marssonella Association.
Based on foraminiferal assemblages, the Windalia Radiolarite correlates to the upper sequence recognized by Campbell & Haig (1999) in the Doncaster Member of the Eromanga Basin. The correlation is based on two evolutionary lineages that Haig (1982) recognized among the calcareous hyaline benthic foraminifera: the overlap in ranges of Turrilina? hergottensis and its descendant T? moorei, and the overlap of Lingulogavelinella sp. cf. L. albiensis and its descendant L. santoodnae.
Of the three foraminiferal biofacies that Haig (1979b) recognized in the Ammobaculites Association, the 'Lingulogavelinella albiensis biofacies' best characterizes the Windalia Radiolarite. In the interior basins, this biofacies is intermediate between the shallower 'Ammobaculites australis biofacies' and the deeper 'Neobulimina albertensis biofacies'. Campbell & Haig (1999) distinguished seven biofacies in their detailed analysis of the Aptian to Lower Albian succession in the northeast Eromanga Basin. The assemblages that indicate maximum-flooding in the Windalia Radiolarite are similar to those that characterize Biofacies 4 (mid offshore to upper offshore) of Campbell & Haig (1999) , and those assemblages in the northern wells containing the rare planktonic foraminifera are representative of Biofacies 5 (mid offshore). These correlations suggest that the maximum flooding in the Windalia Radiolarite peaked in the deep part of the inner neritic zone (equivalent to mid offshore in the interior sea described by Campbell & Haig, 1999) .
The coeval continental margin fauna from ODP Site 766 (cores 24 and 25; Haig, 1992 ) is dominated by planktonic foraminifera and includes calcite-cemented agglutinated species with no organic-cemented siliceous types, abundant Berthelina (referred to Gavelinella by Haig, 1992) and abundant medium to large-size Gyroidinoides (in contrast to the rare minute types of this genus found in the Windalia Radiolarite). The continental margin fauna belongs to the Marssonella Association (as defined by Haig, 1979a) and clearly lived in much deeper water than did the foraminifera from the Windalia Radiolarite and the interior seas.
Explanation of Plate 2.
Secondary electron images; bar scale 0.1 mm. fig. 1 . Hemirobulina linearis (Reuss, 1863), from Barrabiddy 1 at 142.7 m, UWA1333968 (lateral view). fig. 2 . Hemirobulina sp., from Barrabiddy 1 at 142.7 m, UWA133969 (lateral view). fig. 3 . Laevidentalina hamiltonensis (Ludbrook, 1966) fig. 16 . Marginulinopsis sp., from Exac 3 at 87 m, UWA133983 (lateral view). fig. 17 . Nodosaria aspera Reuss, 1845, from Exac 2 at 198 m, UWA133984 (lateral view). fig. 18 . Palmula? sp., from Boologooro 1 at 382.0 m, UWA133985 (lateral view). fig. 19 . Planularia sp. 1, from Yinni 1 at 57.05 m, UWA133986 (lateral view). fig. 20 . Planularia sp. 2, from Yinni 1 at 57.05 m, UWA133987 (lateral view). fig. 21 . Planularia sp. 3, from Yinni 1 at 57.05 m, UWA133988 (lateral view). fig. 22 . Psilocitharella recta (Reuss, 1863), from Boologooro 1 at 380.6 m, UWA133989 (lateral view). fig. 23 . Psilocitharella thoerenensis (Bartenstein & Brand, 1951) , from Boologooro 1 at 380.6 m, UWA133990 (lateral view). fig. 24 . Pseudonodosaria humilis (Roemer, 1841), from Exac 2 at 194 m, UWA133991 (lateral view). fig. 25 . Pseudonodosaria kirschneri Tappan, 1957, from Exac 2 at 198 m, UWA133992 (lateral view). fig. 26 . Pyramidulina flexocarinata (Khan, 1950) , from Barrabiddy 1 at 142.7 m, UWA133993 (lateral view). fig. 27 . Pyramidulina lamellosocostata (Reuss, 1863), from Yinni 1 at 57.05 m, UWA133994 (lateral view). fig. 28 . Pyramidulina prismatica (Reuss, 1860), from Exac 3 at 87 m, UWA133995 (lateral view). fig. 29 . Pyramidulina sceptrum (Reuss, 1863), from Exac 3 at 58 m, UWA133996 (lateral view). fig. 30 . Pyramidulina sp. 1, from Yinni 1 at 54.65 m, UWA133997 (lateral view). fig. 31 . Ramulina sp. A of Belford (1960) , from Barrabiddy 1 at 142.7 m, UWA133998 (lateral view). fig. 32 . Ramulina sp. A of Haig (1982) , from Yinni 1 at 54.65 m, UWA133999 (lateral view). fig. 33 . Ramulina sp. 3, from Boologooro 1 at 382.0 m, UWA134000 (lateral view). fig. 34 . Saracenaria bononiensis (Berthelin, 1880) , from Yinni 1 at 57.05 m, UWA134001 (lateral view). fig. 35 . Saracenaria pyramidata (Reuss, 1863), from Boologooro 1 at 382.0 m, UWA134002 (lateral view).
Comparison with bathymetric models derived from other continents
Based on the palaeoslope model derived by Sikora & Olsson (1991) for the Upper Albian to Turonian on the Atlantic margin of North America, the Windalia Radiolarite fauna corresponds best to the Epistomina-dominated assemblages from the innermost neritic zone (10-30 m palaeodepth). This is shallower than faunas dominated by species of Berthelina and attributed by Sikora & Olsson (1991) to the lower inner neritic zone (30-50 m palaeodepth). Koutsoukos & Hart (1990) working on foraminiferal distributions in the Sergipe Basin of Brazil characterized 'inner to mid shelf' assemblages from the Aptian-Albian by abundant Lingulogavelinella, diverse Lagenida, agglutinated forms including Ammobaculites and calcite-cemented types, and porcellaneous foraminifera. Berthelina dominates the deeper 'middle to outer shelf' assemblages of the Sergipe Basin. The Windalia Radiolarite fauna conforms, in part, to the 'inner to middle shelf' fauna of Koutsoukos & Hart (1990) . Carrillo et al. (1995) established foraminiferal distributions for the Cretaceous palaeoslope on the northern flank of the Eastern Venezuelan Basin (part of the Atlantic passive margin). Of the biofacies recognized by Carrillo et al. (1995) , the fauna from the Windalia Radiolarite corresponds to the inner neritic fauna of organic-cemented agglutinated species (e.g. Haplophragmoides, Ammobaculites) associated with some calcareous species. The mid-neritic fauna of the Eastern Venezuelan Basin is a mixed agglutinated and calcareous-hyaline assemblage including Cibicides (= ?Berthelina) associated with planktonic foraminifera and calcareous nannofossils.
The well-known Albian foraminiferal fauna from the Gault Clay of southern England (Chapman 1891 (Chapman , 1892a (Chapman , b, 1893 (Chapman , 1894a (Chapman -c, 1896a (Chapman , b, 1898 Khan, 1950; Hart et al., 1989; Herrero & Haynes, 1997) includes common planktonic foraminifera and calcite-cemented agglutinated types among the diverse benthic assemblage and is probably a deeper-water fauna than that represented in the Windalia Radiolarite. Knight (1997) noted the presence of gastropods and microborings in shells from the Gault Clay that suggested the presence of sea-floor algae and deposition within the photic zone at depths less than 80 m, or even shallower, considering the turbid clay substrate. Compared to the fauna recorded by Hart et al. (1989) from the Aptian Atherfield Clay in southern England, the Windalia Radiolarite lacks species of Berthelina and has a less diverse and less abundant planktonic assemblage. This suggests that the Windalia Radiolarite may have been deposited at shallower water depths than the Atherfield Clay. Gaspard (1999) recorded a species of the shallow-water brachiopod Lingula from the Lower Greensand of Atherfield, but its co-occurrence with the foraminiferal fauna recorded by Hart et al. (1989) cannot be determined from the cited literature.
Water-depth determination Based on the comparisons described above, the Windalia Radiolarite in the Southern Carnarvon Basin was deposited in the inner neritic zone probably at water depths shallower than 40 m at maximum flooding. This implies a very broad low gradient continental shelf in the study region during the Aptian, which is supported by the lateral continuity of facies and horizontal bedding. Despite Neogene tectonism resulting from plate collision at the Timor margin of the Australian continent to the north, the present coastal plain and continental shelf of the Southern Carnarvon Basin retains a very low topographic gradient. As an example of a large present-day region almost entirely in the inner neritic zone, the Gulf of Carpentaria (Fig. 1) represents a vast shallow epeiric sea on the Australian continent with a maximum water depth of about 60 m.
As discussed earlier in this paper, foraminiferal distributions suggest that, during deposition of the Windalia Radiolarite, water depths increased slightly to the north in the Southern Carnarvon Basin, following a pattern also evident in the underlying Muderong Shale (Taylor & Haig, 2001 ). The continental margin to the north of the Southern Carnarvon Basin formed earlier (at 155-158 Ma according to Müller et al., 1998) than that to the west of the basin (at 130-136 Ma according to Müller et al., 1998) . The Aptian bathymetric profile from the study region to across the western continental margin is uncertain because of the lack of detailed information along this margin. DSDP Site 263 situated on oceanic crust in the Cuvier Abyssal Plain (Fig. 1) to the west of the margin was considered by Scheibnerová (1974) to contain Aptian or older deposits of the neritic zone (<100 m water depth) in the core 5 to core 29 interval. However, revised palynostratigraphy indicates that the Barremian upper part of the dinoflagellate Muderongia australis Explanation of Plate 3.
Secondary electron images; bar scale 0.1 mm. fig. 1 . Saracenaria triangularis (d'Orbigny, 1840), from Barrabiddy 1 at 142.7 m, UWA134003 (lateral view). fig. 2 . Saracenaria sp. 1 of Haig et al. (1996) , from Yinni 1 at 57.05 m, UWA134004 (lateral view). fig. 3 . Saracenaria sp. 2, from Yinni 1 at 54.56 m, UWA134005 (lateral view). fig. 4 . Tristix perelongata (Ludbrook, 1966) , from Exac 3 at 122 m, UWA134006 (lateral view). fig. 5 . Vaginulinopsis arimensis (Ludbrook, 1966) , from Yinni 1 at 57.05 m, UWA134007 (lateral view). fig. 6 . Vaginulinopsis sp., from Barrabiddy 1 at 142.7 m, UWA134008 (lateral view), fig. 7 . Cassidella tegulata (Reuss, 1845), from Exac 2 at 200 m, UWA134009 (lateral view). figs 8-9. Coryphostoma sp. of Haig et al. (1996) : 8, from Exac 3 at 122 m, UWA134010 (lateral view); 9, from Exac 2 at 130 m, UWA134011 (lateral view). fig. 10 . Turrilina? hergottensis (Ludbrook, 1966) , from Yinni 1 at 57.05 m, UWA134012 (lateral view). fig. 11 . Turrilina? moorei (Haig, 1982) , from Barrabiddy 1 at 142.7 m, UWA134013 (umbilical view). fig. 12 . Epistomina chapmani ten Dam, 1948, Zone is represented in core 5 and that higher cores contain a mixed palynological record (J. Backhouse pers. comm., November 2003). The Barremian fauna at DSDP Site 263 (equivalent in age to that from the Muderong Shale) contains deep-water agglutinated foraminifera, as noted by Holbourn & Kaminski (1995) . The carbonaceous shale of the Windalia Radiolarite and the other Barremian to Cenomanian formations of the Winning Group and the presence of the Ammobaculites Association through most of this interval, suggest deposition in a basin with restricted circulation. Perhaps the continental margin to the west may have been elevated slightly as a result of earlier Cretaceous or contemporaneous volcanic activity along the margin (such as recorded by Symonds et al., 1998) .
DISCUSSION AND CONCLUSIONS
Modern Radiolaria are best known from open-ocean plankton and the derived deep-water ocean-floor pelagites (Anderson, 1983) . Modern neritic radiolarians are less well known (e.g. Diester-Haass, 1982; Swanberg & Bjørklund, 1986; Bjørklund & Kruglikova, 2003) . Racki & Cordey (2000) reviewed radiolarian palaeoecology and concluded that modern distributional (Ludbrook, 1966) , specimen from Barrabiddy 1 at 142.7 m, UWA134027: 13, 'umbilical' view; 14, peripheral view; 15, 'spiral' view. figs 8, 12, 16. Blefuscuiana infracretacea (Glaessner, 1937) , spiral views of specimens from Exac 3 at 122 m: 8, UWA134028; 12, UWA134029; 16, UWA134030. patterns were of limited significance in evaluating the occurrences of pre-Neogene radiolarians, especially from epeiric basins. From independent evidence based on basin setting, foraminiferal assemblages and the presence of Lingula-like brachiopods, the present study demonstrates that, during the Late Aptian, the inner neritic zone in a shelf sea close to the western continental margin of Australia was inhabited by abundant radiolarians. An earlier study by Haig & Barnbaum (1978) illustrated a diverse radiolarian assemblage from the inner neritic zone in a shallow interior basin (Surat Basin, Fig. 1) far from the open continental margin. The radiolaria in the Australian basins are preserved in organic-rich mudstone successions that suggest high freshwater influx into the basins from a humid vegetated hinterland. It is significant that in western Norwegian fjords, high concentrations of living radiolaria are present in confined highly stratified silled basins and near glacial river mouths (Swanberg & Bjørklund, 1986) . On the west African continental margin, Diester-Haass (1982) recorded radiolaria from sediment at only one site shallower than 500 m; from a river-influenced mud at 63 m water depth. It seems that radiolaria from Australian Cretaceous basins thrived in very shallow seas where there was high organic influx, in an analogous way to the modern radiolaria recorded by Swanberg & Bjørklund (1986) and Diester-Haass (1982) .
It is apparent, that during the Late Aptian, diverse radiolaria flourished throughout the vast shallow sea that inundated much of the Australian continent under inner neritic depths. At least 59 radiolarian species are present in the Windalia Radiolarite in the Southern Carnarvon Basin (Ellis, 1993) and these are dominated by spumellarians, but include a diverse assemblage of nassellarians. A similar domination by spumellarians is present in the Surat Basin fauna of 41 species recorded by Haig & Barnbaum (1978) . The high diversity and abundance of radiolarians preserved in the organic-rich muds that accumulated in shallow water probably were influenced by high levels of dissolved silica as the sea flooded a mature silicate-rich landscape. During the Aptian, the large volcanic provinces along the eastern and western continental margins may also have contributed to high silica levels in the Australian epeiric sea. Aptian volcanism (Coffin et al., 2002) may have contributed to enhanced dissolved silica levels in the eastern Indian Ocean, as reflected in the presence of cherts in coeval deep-water facies near the continent-ocean margin at ODP Site 766 (Haig, 1992) .
From the Barremian to Lower Albian of the Sanfranciscana Basin in Brazil, Pessagno et al. (1997) recorded a 'relatively diverse' radiolarian assemblage in thin chert beds that occur in association with an aeolian, alluvial and lacustrine terrestrial succession. The Brazilian radiolarian-rich cherts may have been deposited in a similar very shallow-water setting to the Windalia Radiolarite.
During the Late Aptian, Australia lay at mid to high palaeolatitudes (Fig. 1) , with the Southern Carnarvon Basin close to the northern edge of the continent. Here the surface-water temperatures may have been about 12(C (Clarke & Jenkyns, 1999) , whereas, near the southern edge of the Cretaceous continent, almost freezing conditions may have prevailed (Constantine et al., 1998; De Lurio & Frakes, 1999; Ferguson et al., 1999) . A cool humid climate existed over Australia with substantial high-nutrient freshwater input into the epeiric sea, as shown by organic-rich siliciclastic mud facies and the presence of the foraminiferal Ammobaculites Association (Haig, 1979a; Haig & Lynch, 1993; Campbell & Haig, 1999; Henderson et al., 2000; Haig, 2004) . Price et al. (1998) suggested that intense and frequent storms should occur in Cretaceous mid latitudes during both 'icehouse' and 'greenhouse' intervals. Tempestites have not been recognized in the Windalia Radiolarite or other Cretaceous formations in the Southern Carnarvon Basin.
The foraminiferal fauna from the organic-rich shales of the Windalia Radiolarite includes species of Cassidella (=Fursenkoina of some authors) and Gyroidinoides that characterize eutrophic conditions associated with Aptian-Albian oceanic anoxic events (Erbacher et al., 1998 (Erbacher et al., , 1999 Holbourn et al., 2001) . In contrast to the open-ocean anoxic facies, the black shales of the Windalia Radiolarite are the result of sedimentation in a very shallow epeiric sea with some restriction in open-marine circulation and eutrophic conditions caused by nutrient-rich freshwater input. Such conditions existed throughout the vast epeiric sea covering the Australian continent during the Aptian, and are characterized by the Ammobaculites Association. During the Late Aptian in the Southern Carnarvon Basin, the Windalia Radiolarite accumulated in cool water at inner-neritic depths probably shallower than 40 m. A slight south-north sea-floor gradient existed in the basin with deeper-water conditions to the north. The organic-rich mudstone, containing Type III kerogens of mainly terrestrial plant origin, indicates eutrophic conditions and restricted marine circulation, and this is reflected also in the benthic foraminiferal assemblage that is characteristic of the Ammobaculites Association. The widespread presence of organic-rich muds through the broad shallow Southern Carnarvon Basin and through the coeval interior basins suggests that regional geomorphology controlled the distribution of eutrophic facies in the Australian Aptian rather than any global expansion of the oxygen minimum zone. The basin conditions may have been influenced by a slightly elevated continental margin to the west, the result of earlier Cretaceous volcanism. Crespin, 1953 Thuramminoides laevigata White, 1928 Verneuilinoides howchini (Crespin, 1953) [Verneuilina] Verneuilinoides neocomiensis (Myatliuk, 1939) [Verneuilina] Hyaline species (Spirillinida) Patellinoides tilchus (Ludbrook, 1966) Ludbrook, 1966 Citharina sp. Cristellariopsis pristipellis (Ludbrook, 1966) Meyn & Vespermann, 1994, pl. 19, fig. 5 ] Globulina lacrima Reuss, 1845 Globulina prisca Reuss, 1863 [lectotype -Meyn & Vespermann, 1994 ] Hemirobulina hamulus (Chapman, 1894) [Marginulina] Vaginulinopsis arimensis (Ludbrook, 1966) [Marginulinopsis] Vaginulinopsis sp.
Hyaline species (Buliminida)
Cassidella tegulata (Reuss, 1845) [Virgulina; considered 'invalid' by Revets (1996) who figured slightly deformed topotypes] Coryphostoma sp. of Haig et al. (1996) Turrilina? hergottensis (Ludbrook, 1966) [Praebulimina] Turrilina? moorei (Haig, 1982) (Morozova, 1948) [Gyroidina] The record by Haig et al. (1996) is incorrect. Pullenia? gyroidinaeformis (Moullade, 1966) (Ludbrook, 1966) [Anomalina] Hyaline species (Globigerinida) Blefuscuiana infracretacea (Glaessner, 1937) 
